A solid solution of hydrogen in α-Mn, α-MnH x with x = 0.073, was prepared at 623 K and a hydrogen pressure of 0.85 GPa. A profile analysis of the neutron diffraction patterns measured at 225 K and at 300 K showed that hydrogen in α-MnH 0.073 randomly occupies the interstitial positions 12e (0, 0, 0.538) of the α-Mn host lattice. An inelastic neutron scattering study of α-MnH 0.073 at 90 K revealed a pronounced peak at 6.4 meV and a rather broad optical hydrogen band with peaks at 73, 105 and 123 meV. The splitting of the optical band into three different modes agrees with the low symmetry, 2, of the 12e hydrogen sites. A tentative interpretation is given for the peak at 6.4 meV.
Introduction
At atmospheric pressure, the equilibrium hydrogen solubility in any of the α, β, γ (FCC) and δ (BCC) allotropic modifications of manganese does not exceed a H/Mn atomic ratio of x = 0.003 [1] . Under high hydrogen pressures, manganese forms non-stoichiometric HCP [2, 3] and FCC [4, 5] hydrides with wide ranges of composition. The crystal and magnetic structures of the antiferromagnetic HCP hydrides were studied by means of neutron diffraction [6] and Mössbauer spectroscopy [7, 8] , their lattice dynamics by means of inelastic neutron scattering [9] . The FCC manganese hydrides were also found to be antiferromagnets and the dependence of their Néel temperature on the hydrogen concentration was studied by means of neutron diffraction and magnetization measurements [4] .
A recent high-pressure investigation of the T -P phase diagram of the Mn-H system has shown [10] that besides the HCP and FCC hydrides, rather concentrated primary solid solutions of hydrogen in the α and β modifications of manganese exist, which contain up to a few atomic per cent of hydrogen. The α solutions were studied by Mössbauer spectroscopy using 0.2 at.% 119 Sn as a probe [11] . These experiments showed that the Néel temperature of antiferromagnetic α-Mn increases by about 6 K per atomic per cent of dissolved hydrogen.
This paper presents the results of neutron diffraction (ND) and inelastic neutron scattering (INS) investigations of an α-MnH x solution with x = 0.073. In order to reveal the effects of hydrogen dissolution in α-Mn more accurately and reliably, the spectra of the α-MnH 0.073 sample were compared with those of a sample of pure α-Mn measured under the same conditions.
Experimental details
Samples of 8.45 g of α-Mn and α-MnH 0.073 were made of powdered manganese metal of 99.99 wt% purity and a grain size of 0.05 to 0.1 mm. To produce the powder, the initial plates of electrolytic manganese of about 1 mm thickness were machined to remove the oxidized surface layer and then crushed in an agate mortar and screened. The α-MnH 0.073 solid solution was prepared by exposing the powder to a hydrogen pressure of 0.85 GPa at 623 K for 4 h with subsequent rapid cooling to ambient temperature; the method is described elsewhere [12] . In order to achieve the maximum hydrogen concentration in the α solid solution, the conditions of hydrogenation were chosen close to those of the transformation of the α solid solution to the HCP hydride [13] . The hydrogen content x = 0.073(1) of the α-MnH x sample obtained was determined by hot extraction into a calibrated volume at temperatures up to 800 K using a sample of about 20 mg. No release of hydrogen from the α-MnH 0.073 sample was observed at room temperature in the course of a month.
The ND experiments were performed with the D1B diffractometer at the ILL in Grenoble, with a PG(002) monochromator and neutrons of wavelength λ = 2.5235Å, and with the high-resolution Fourier diffractometer HRFD at the pulsed reactor IBR-2 at the JINR in Dubna. The measurements with the D1B diffractometer were carried out at 225 K, those with the HRFD at 300 K. For each instrument, the background was determined in a separate empty-can measurement and subtracted from the measured diffraction spectra of the α-Mn and α-MnH 0.073 samples. The resulting spectra were analysed using the Rietveld profile refinement technique implemented in the computer programs for the D1B [14] and the HRFD diffractometer [15] .
The INS measurements were carried out at 90 K with the inverted-geometry time-offlight spectrometer KDSOG-M at the JINR in Dubna [16] with a Be filter and a Zn analyser and an energy of recorded neutrons of 4.8 meV. The INS spectrum of hydrogen in α-MnH 0.073 was obtained as the difference between the experimental spectra of α-MnH 0.073 and of α-Mn measured under identical conditions.
An extrapolation of the Mössbauer data of reference [11] to the hydrogen content of the sample studied in this work shows that α-MnH 0.073 should be antiferromagnetically ordered below a Néel temperature of about 140 K. The Néel temperature of pure α-Mn is about 95 K. Both α-MnH 0.073 and α-Mn samples were thus studied by means of ND in the paramagnetic state and by means of INS in the antiferromagnetic state.
Neutron diffraction
The body-centred cubic unit cell of the α-Mn structure, space group I43m, contains 58 atoms [17] . The (
) translation in this structure links two identical sub-units of 29 atoms positioned on the four crystallographically inequivalent sites 2a, 8c, 24g 1 and 24g 2 . The latter three have positional parameters which might vary on hydrogen uptake. In the case of α-MnH 0.073 the positional parameters of Mn at these sites were therefore determined together with the parameters for the hydrogen sites.
The type of the position, its occupancy and the thermal factor of hydrogen in the α-MnH 0.073 solid solution were first roughly estimated from a ND spectrum in the range For the sake of clarity, the smooth incoherent component was subtracted from the spectra in figures 1 and 3 and the spectra in figure 1 were shifted with respect to each other along the intensity axis.
As is seen from figures 1 and 3, the dissolution of hydrogen in α-Mn causes a displacement of the diffraction lines towards larger d hk due to the hydrogen-induced lattice expansion. The relative intensities of the diffraction lines also change, but no additional lines appear on hydrogenation. In particular, the (024) line is present in both spectra in figure 1 , though in the spectrum of α-Mn its intensity is very low. One can therefore conclude that the crystal structure of the α-MnH 0.073 solid solution belongs to the same space group, I43m, as the structure of α-Mn.
Hydrogen in transition metals was found to occupy only interstitial sites which allow the accommodation of atoms with an effective radius of 0.56-0.60Å [18] , corresponding to a distance of R(H-Me) ≈ 1.8-2.0Å between the hydrogen atom and the nearest metal atoms. In HCP hydrides of manganese, for instance, R(H-Mn) ≈ 1.9Å is observed [6] .
Thus, in the case of α-MnH 0.073 only positions of the space group I43m located inside interstices of the proper size had to be analysed for hydrogen occupancy.
In the crystal structure of α-Mn, there are only two types of interstice with volumes large enough to satisfy the restrictions given in [18] . These are interstices around 8c (x, x, x) positions with x = 0.109 and x = 0.206, which are the centres of tetrahedra of manganese atoms at 24g 2 and 2a sites and at 24g 1 and 8c sites, respectively, and have distances R(8c-Mn) of about 1.7Å. The second type is an interstice around the 6b (0, 0, 0.5) position, which is the common centre of two tetrahedra of Mn atoms at 24g 1 sites with R(6b-Mn) = 1.858Å and at 24g 2 sites with R(6b-Mn) = 2.272Å.
At the beginning of the structure refinement procedure, the hydrogen atoms were tentatively placed at the above positions of the space group I43m at the centres of the interstices. The differences between the measured spectrum and spectra calculated under these assumptions are shown in figure 2 . Figure 2 also shows a difference spectrum calculated on the assumption that none of the interstitial sites is occupied by hydrogen. This curve, labelled 'no H', shows the effect of dissolved hydrogen on the line intensities in the ND spectrum of α-MnH 0.073 . The only exception is a broad peak near the (222) line which is observed also in the difference spectrum of the initial α-Mn sample. We attribute these peaks in the α-Mn and α-MnH 0.073 spectra to a fine-grain surface impurity and excluded them from the calculation scheme. All other peaks in the 'no H' difference spectrum are due to neutron scattering by hydrogen and have to be described by the profile modelling.
A comparison with the 'no H' curve shows that the models with hydrogen atoms at the 8c 1 • , corresponding to d hk > 1.65Å, the model with hydrogen at the 6b (0, 0, 0.5) site agrees with experiment rather well. At d hk < 1.65Å, however, the calculated intensities differ noticeably from the observed ones in the spectra of α-MnH 0.073 measured with both the D1B and HRFD diffractometers, and this difference cannot be eliminated by varying the positional parameters of the Mn atoms. In addition, the profile refinement gave a value of x ≈ 0.05 for the hydrogen content of the sample, instead of x = 0.073 as determined by hot extraction. These discrepancies lead to the conclusion that the actual hydrogen position in α-MnH 0.073 is close to but is not exactly a 6b position.
A model with hydrogen displaced from the 6b (0, 0, 0.5) site to a 12e (0, 0, z) site with a variable parameter z close to 0.5 gave a significantly better agreement between the calculation and experiment. With z = 0.538 the ratio R p /R ex of obtained and expected profile factors fell by approximately 20% and the refined value of the hydrogen content increased to x ≈ 0.07, which agrees with the result of the hot extraction. The quality of the profile fitting is illustrated in figure 2 by the difference spectrum labelled 'H on 12e' and in figure 3 by the agreement between the calculated profile shown as a solid curve and the experimental points.
The final refined values of the structure parameters of α-MnH 0.073 are presented in table 1 together with those of α-Mn determined in a similar manner. In the course of refinement of the α-MnH 0.073 and α-Mn structures, the parameters ω of the site occupancy for Mn atoms were fixed to unity, and the other structure parameters listed in table 1 were subject to fitting. Within the experimental error the coordinates obtained for the Mn atoms in the unit cell of α-Mn coincide with the values given in [19] and do not change on hydrogen uptake. The increase in the atomic volume, V a , of α-Mn caused by the dissolved hydrogen corresponds to a value of ∂V a /∂x = 1.50(4)Å 3 /H atom which lies near the lower limit of the interval 1.5-3Å
3 /H atom characteristic of hydrides of transition metals [12, 20] . It is worth noting that on physical grounds the suggested displacement of hydrogen from the 6b to a 12e position is the most likely one. As is shown in figure 4(a) , the 6b site lies on a4 axis and the interstice around it is formed by two tetrahedra of Mn atoms rotated with respect to each other by an angle of 90
• about this axis. The4 axis is an essential element of the 6b site symmetry42m, so one could expect the displacement of hydrogen A displacement of hydrogen from the 6b position along the4 axis appears preferable because it leads to a decrease in the distance R(6b-Mn) = 2.272Å to the nearest Mn atoms on the 24g 2 sites, which is beyond the range of R(H-Me) ≈ 1.8-2.0Å characteristic of most Me-H phases [18] . The distance R(6b-Mn) = 1.858Å to the nearest Mn atoms at 24g 1 sites, which is close to the lower limit of this range, is decreased only slightly. Any 
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Mn ( displacement off the4 axis would effectively decrease the latter distances.
In the cubic unit cell of α-MnH 0.073 , the 6b positions are located at the mid-points of the edges and at the centres of the faces. The 12e positions form dumb-bells centred on the 6b positions and aligned along the edges and perpendicular to the faces, respectively. This is illustrated in figure 5 . As is shown in figure 4(b) , the displacement of the 12e positions (9 and 10) with respect to the 6b positions is such that they are shifted from the centre of the volume close to the mid-points of the edges of tetrahedra formed by manganese atoms (1 to 4) at positions 24g 1 . As is seen from the interatomic distances given in table 2, the nearest neighbours of the position 12e (9) are four Mn atoms (1 to 4) at positions 24g 1 and two Mn atoms (5, 6) at positions 24g 2 . These Mn atoms form a distorted octahedron (1 to 6) around the position 12e (9) . The more distant Mn atoms (7, 8) together with the Mn atoms (1 to 4) form a similar octahedron around the other 12e position (10) .
The 12e (0, 0, 0.538) position of hydrogen satisfies the empirical rule of reference [18] better than the 6b (0, 0, 0.5) position. As is seen from table 2, the values of the R(12e-Mn) distances between a hydrogen atom and the six nearest Mn atoms in α-MnH 0.073 lie well within the limits of R(H-Me) ≈ 1.8-2.0Å characteristic of the phases formed by hydrogen with transition metals [18] . Moreover, the R(12e-Mn) distances differ from each other much less than the R(6b-Mn) distances. Thus, despite its lower symmetry, the interstice enclosing the 12e site is more 'spherical' than that enclosing the 6b site.
As also indicated in table 2, the distance R(9-10) between the two 12e positions within a dumb-bell is about 0.68Å. Because of this small distance, these positions cannot be occupied by hydrogen at the same time due to the 'blocking effect' [18] requiring that the distance between hydrogen atoms in a metal should not be much less than 2Å. Occupancy of half of the 12e sites corresponds to a H/Mn atomic ratio of x = 6/58 ≈ 0.103. In the α-MnH x sample studied, with x = 0.073, therefore about 70% of the accessible interstices are occupied. 
Inelastic neutron scattering
The KDSOG-M time-of-flight spectrometer used in this work has a high neutron flux at the sample position and provides a medium resolution E/E = 4-6% for energy transfers between 1 and 60 meV and E/E = 6-10% at higher energy transfers between 60 and 200 meV. To reduce the contribution from multi-phonon scattering, the INS spectra of α-Mn and α-MnH 0.073 were measured at a temperature of 90 K. The samples weighed 8.45 g each, and the data were collected for 30 h simultaneously at four scattering angles of 2 = 80, 100, 120 and 140
• . The four spectra obtained were then added to ensure the validity of the incoherent approximation used in the evaluation.
To illustrate the magnitude of the effect of hydrogen on the INS spectrum of α-Mn, the experimental spectrum of the α-Mn sample and the difference between the spectra of the α-MnH 0.073 and α-Mn samples are shown in figure 6 . The huge dome around channel 160 in the α-Mn spectrum originates from neutron scattering by the sample and its environment, including the aluminium sample holder, cryostat, etc, and reflects the spectral density of the incident neutron flux. The difference spectrum is expected to be close to the INS spectrum of hydrogen in α-MnH 0.073 , because the small amount of hydrogen dissolved in α-Mn can hardly change the vibrational spectrum of the host-lattice metal atoms significantly. This can be inferred, for example, from a comparison with the changes in the spectrum of metal vibrations due to formation of hydrides in the Ni-H and Pd-H systems [21] , where the hydrides have the same structure type as the pure metals.
As is seen from figure 6 , the INS spectrum of hydrogen in α-MnH 0.073 exhibits peaks in the region of energy transfer from 50 to 150 meV characteristic of optical vibrations of hydrogen in metal-hydrogen systems, and also a pronounced peak at 6.4 meV. Figure 7 shows this spectrum transformed to the generalized vibrational density of states G H (E), the standard data representation at the KDSOG-M spectrometer. The G H (E) spectrum can be divided into three regions: the region of the lattice band modes at E < 50 meV with a sharp peak at 6.4 meV, the region of the optical band of hydrogen with three rather well resolved peaks at 73, 105 and 123 meV, and a region at higher energies, in which multi-phonon processes become dominant.
The splitting of the optical band of hydrogen in α-MnH 0.073 into three different modes agrees with the low site symmetry, 2, of the 12e position. The peak at 73 meV presumably corresponds to a low-energy mode of hydrogen vibrations along the4 axis, because the nearest-neighbour Mn atoms are most distant and symmetrically positioned relative to this line ( figure 4 and table 2) . The peaks at 105 and 123 meV can be attributed to vibrations perpendicular to this line. Note that for hydrogen occupying the 6b position with a higher site symmetry,42m, the high-energy local mode of hydrogen vibrations perpendicular to the4 axis would be degenerate.
The peak at 6.4 meV may tentatively be explained by hydrogen tunnelling between adjacent 12e positions. With an energy E 0 = 73 meV of the local vibrations of hydrogen atoms along the line connecting two sites at a distance of 0.68Å from each other, a simple model [22] allows a rough estimate of the splitting 0 of the hydrogen vibrational ground state due to tunnelling and gives
where M H is the mass of hydrogen atom and 2l is the distance between the two sites. The estimated value of 0 ≈ 5 meV agrees quite well with the energy of 6.4 meV of the peak in the INS spectrum of α-MnH 0.073 . Further investigations of the temperature, neutron momentum transfer and isotope dependencies of the peak position and intensity are necessary, however, for an unambiguous interpretation. Such work is in progress.
Summary
Under high hydrogen pressures, the equilibrium solubility of hydrogen in the lowtemperature α modification of manganese increases to up to a few atomic per cent. In the present work, an α-MnH 0.073 sample synthesized at 623 K and at a hydrogen pressure of 0.85 GPa was studied at ambient pressure by means of neutron diffraction and inelastic neutron scattering.
The profile analysis of the neutron diffraction patterns of α-MnH 0.073 measured at 225 K and at 300 K showed that hydrogen randomly occupies interstitial positions of the 12e type inside distorted octahedra of manganese atoms. The dissolution of hydrogen results in an increase in the lattice parameter of α-Mn, but the coordinates of the Mn atoms in the unit cell remain unchanged. The 12e sites occupied by hydrogen form dumb-bells positioned at the centres of the edges and faces of the unit cell of α-Mn. Because of the small distance of about 0.68Å between the 12e sites in a dumb-bell, these sites cannot be occupied by hydrogen simultaneously. Occupancy of half of the 12e sites corresponds to an H/Mn atomic ratio of x = 6/58 ≈ 0.103. In the α-MnH 0.073 sample studied, hydrogen therefore filled about 70% of the accessible interstices.
The inelastic neutron scattering study of α-MnH 0.073 at 90 K revealed a strong peak at 6.4 meV in the region of the lattice band modes and three peaks at 73, 105 and 123 meV in the range of the optical vibrations of hydrogen. The splitting of the band of optical hydrogen vibrations into three different modes agrees with the low site symmetry, 2, of the 12e position. The peak at 73 meV corresponds to a low-energy mode of hydrogen vibrations along the4 axis of the dumb-bells of the 12e positions, while the peaks at 105 and 123 meV are due to the vibrations perpendicular to this axis. The peak at 6.4 meV is tentatively attributed to the splitting of the vibrational ground state of hydrogen due to tunnelling between the two 12e sites forming a dumb-bell.
